Abstract. Glycogen synthase kinase 3ß (GSK-3ß) is a multifunctional serine/threonine kinase involved in several signaling pathways. Recently, we reported the polarized localization of GSK-3ß on the apical membrane of normal colon epithelium. To investigate the functions of this molecule, we studied stomach and colorectal cancer tissues. In normal simple columnar epithelium, GSK-3ß was localized with tight junction-associated protein ZO-1 in a single line at the apical cell border. GSK-3ß and ZO-1 were localized in the apical regions of tubular adenocarcinoma, similar to their localization in normal epithelium; however, their localization was different at the invasive front of the cancer and was found to be associated with lymphatic invasion. In signet-ring cell carcinoma of the stomach, the expression of these proteins was reduced and dot-like expression was observed in each cell of the signet-ring cell carcinoma. We speculated that GSK-3ß is involved in glandular structure formation and that the nonapical localization of membrane-localized GSK-3ß in tubular adenocarcinoma is associated with cancer development.
Introduction
The serine/threonine kinase glycogen synthase kinase 3ß (GSK-3ß) was first identified as a component of a metabolic pathway involved in the regulation of glycogen synthesis (1) . Thereafter, GSK-3ß has been reported to regulate various physiological responses in mammalian cells, including protein synthesis, gene expression, subcellular localization of proteins and protein degradation via phosphorylation of various substrates (2) (3) (4) . GSK-3ß plays a central role in the Wnt pathway (5) and the activation of the Wnt signaling pathway (6, 7) or the dysfunction of the so-called ß-catenin destruction complex has been reported in colorectal neoplasm (8) (9) (10) . The activation of the Wnt signaling pathway or abnormalities/ deviations in the ß-catenin degradation process results in the accumulation of ß-catenin in the nucleus, where it functions as a transcriptional regulator by interacting with T-cell transcription factor (TCF) to activate Wnt-specific target (5) . In the cytoplasm, GSK-3ß forms part of the ß-catenin destruction complex, which regulates the level of ß-catenin by subjected it to ubiquitin-mediated proteasomal degradation (11) . Recently, we reported that GSK-3ß exhibited polarized localization on the apical membrane of normal colon epithelium and aberrant distribution in colorectal cancer (12) . In this study, we investigated the role of the apically localized GSK-3ß in normal gut epithelium and in cancer.
Materials and methods
Antibodies. Mouse monoclonal anti-GSK-3ß (1:100; BD Bioscience, San Jose, USA), anti-ß-catenin (1:250; BD Bioscience), and anti-E-cadherin (1:250; Dako, Glostrup, Denmark) were used for the immunodetection of proteins. In addition, polyclonal rabbit anti-ß-catenin (1:250; Santa Cruz Biotechnology, Santa Cruz, USA), anti-phosphorylated anti-GSK-3ß (Tyr 216) (1:100; Signalway Antibody, Pearland, USA), anti-ZO-1 (1:250; Lifespan Biosciences, Seattle, USA), and anti-adenomatosis polyposis coli (APC) (1:100; C-terminal; Santa Cruz Biotechnology) antibodies were used.
Immunohistochemical analysis. We randomly chose samples from surgical specimens that were subjected to pathological diagnoses in our institution from 2005 to 2007. Eight colon adenomatous polyp, 40 colorectal cancer and 10 stomach cancer specimens were used in this study. All investigations were approved by our Institutional Review Board and informed consent was obtained from all the participants. We prepared 4-μm-thick sections from formalin-fixed, paraffin-embedded tissue blocks and subjected the sections to immunohistochemical analyses with an avidin-biotin complex detection system (Vectastain; Vector Laboratories, Burlingame, USA). To facilitate antigen retrieval, the sections were incubated in ) , which is a proprietary peroxidase substrate that yields a gray color. A diaminobenzidine (DAB) kit (Histofine; Nichirei, Tokyo, Japan) (brown) was used for the detection of ß-catenin, GSK-3ß and phosphorylated GSK-3ß (Tyr 216). The control sections were incubated with isotype-matched immunoglobulin (Ig) G.
Immunofluorescence analysis. After incubation with the primary antibodies, the sections were incubated with secondary antibodies (Alexa 488-conjugated affinipure goat anti-mouse IgG and Alexa 555-conjugated affinipure goat anti-rabbit IgG; Molecular Probes, Eugene, USA). Slides were then mounted with Vectashield mounting medium (Vector Laboratories) containing 4,6-diamidino-2-phenylindole (DAPI) for nuclear counterstaining. The fluorescence images were examined using an MD2500 microscope (Leica Microsystems, Tokyo, Japan) with a x40 objective lens. The images were captured with a Leica DC500 camera (Leica Microsystems).
Evaluation and statistical analyses. Immunoreactivity for GSK-3ß was observed in the apical region of glandular formations in tubular adenocarcinoma of the colon, as previously described. Thus, irregular GSK-3ß staining was considered to be significant when >20% of cancer cells at the invasive front showed non-apical localization, typically which is known as reversed apical localization. The nuclear ß-catenin immunoreactivity at the invasion front was regarded as positive when >50% of the nuclei were stained. The correlations between the degree of staining and the subgroups classified according to the clinical and pathological features were calculated by using the Chi-square test at a significance level of 1%.
Results

Localization of GSK-3ß in normal gut epithelium.
As previously shown (12) GSK-3ß was found to be localized in the cytoplasm and on the apical side of simple columnar epithelium. We found that phosphorylated GSK-3ß (Tyr 216), the active form of GSK-3ß, was also localized on the apical side (data not shown). Immunofluorescence data revealed co-localization of GSK-ß and tight junction-associated protein ZO-1 (Fig. 1) .
Localization of GSK-3ß and ZO-1 in stomach cancer. We found that both GSK-3ß and ZO-1 were localized in the apical regions of papillary and tubular adenocarcinoma of the stomach. In signet-ring cell carcinoma, which is considered to be a poorly differentiated phonotype, the expression of GSK-3ß and ZO-1 was reduced and we found dot-like expression in each cell of signet-ring cell carcinoma (Fig. 2) .
Localization of GSK-3ß in tubular adenocarcinoma of the colon. Both GSK-3ß and ZO-1 were found to be localized in the apical region of tubular adenocarcinoma of the colon, similar to their localization in normal epithelium; however, the localization of these proteins was different at the invasive front of the cancer. We occasionally found dot-like expression on the basal side of glandular structures in the central area of cancer tissues and the localization of GSK-3ß was found to be aberrant in cancer cells at the invasive front. Moreover, reversed apical localization was often observed in cancer cell clusters at the invasive front. In tubular adenocarcinoma of the stomach, the immunoreactivity of GSK-3ß was similar to that observed in tubular adenocarcinoma of the colon (data not shown) (Fig. 3) .
Association between aberrant distribution of GSK-ß at the invasive front and pathological parameters.
In 20 out of 40 patients (50.0%), the aberrant localization of GSK-3ß at the invasive front was remarkable and was therefore defined as 'severe'. The aberrant localization of GSK-3ß was significantly associated with lymphatic invasion and ß-catenin nuclear accumulation at the invasive front (Table I) .
Discussion
Our immunohistochemical data showed that GSK-3ß and tight junction-associated protein ZO-1 were localized in the same regions in both normal epithelium and cancer cells. In normal simple columnar epithelium, GSK-3ß was localized as a single line at the apical cell border, while in cancer cells, the localization of GSK-3ß had changed. In the case of undifferentiated cancer cells, the expression of both membranelocalized GSK-3ß and ZO-1 was reduced and we found dot-like localization of both proteins in each single cell of signet-ring cell carcinoma. These data suggested that membrane-localized GSK-3ß may be involved in glandular formation of epithelial cells. In tubular adenocarcinoma, we observed apical localization of GSK-3ß in the central lesion Table I . Association between aberrant localization of GSK-3ß and pathological parameters. 
Aberrant distribution of GSK-ß was significantly associated to lymphatic invasion and ß-catenin nuclear accumulation at the invasive front ( a P<0.01).
- of cancer tissue and aberrant localization of GSK-3ß on the cellular membrane at the invasive front. Our data showed that the aberrant localization of GSK-3ß was associated with lymphatic invasion. We also found that the aberrant localization of GSK-3ß was significantly associated with ß-catenin nuclear accumulation at the invasive front (Table I) . We thus inferred that the aberrant localization of GSK-3ß may be involved in the accumulation of ß-catenin in the nucleus. Numerous studies showed that the accumulation of ß-catenin in the cell nuclei at the invasive front is associated with poor prognosis (13, 14) . In sporadic and hereditary colorectal cancer, APC gene undergoes ~80-100% mutation (8) . However, the nuclear accumulation of ß-catenin was detected at the invasive front in ~60% of the cases in our study. These data suggested that APC mutation alone was not sufficient to cause ß-catenin nuclear accumulation. Our immunohistochemical data also suggest that a loss or decrease in the expression of APC is necessary but not solely responsible for ß-catenin nuclear accumulation (Fig. 4) . Thus, we speculate and our data support that modifying factors such as the tumor architecture or stroma influence the nuclear accumulation of ß-catenin (Fig. 5) . It has been reported that heparan sulfate proteoglycans, extracellular matrix proteins, regulate the transport of Wnt proteins (15) (16) (17) . We hypothesize that the aberrant distribution of membrane-related GSK-3ß, that forms unusual interaction with extracellular matrix, is associated with phosphorylation of low-density lipoprotein receptor-related protein (LRP), resulting in the stability of ß-catenin at the invasive front of colorectal cancer (18, 19) . In summary, we found that the aberrant localization of GSK-3ß in cancer cells may be associated with malignant behavior of tumor cells. Further investigations are required to clarify the role of GSK-3ß in tumor progression and its polarized localization in colon epithelial cells.
